A coculture system of a murine erythroblastic leukemia cell line mia which meets many of these requirements. 10, 11 The leu-(ELM-D) with its supportive stromal cell line (MS-5) was estabkemic cells require contact with primary cultured stromal lay- unless indicated. Routinely, GM-CSF (5 U/ml), rGM-CSF
P1 cells and rEpo (5 U/ml) after titration by CFU-e formation. MS-5 CM, used as the source of SCF, was concentrated 10-fold by ultrafiltration (Amicon, Witten, Germany). The amount Introduction of MS-5 CM applied was five-fold the amount required for half maximal growth stimulation of MC-9 cells. Three-fold Differentiation and maintenance of many, if not all, hemopoilower and higher amounts were also tested to ensure optimal etic cell types in vivo requires direct cell contact with stroma growth conditions. cells.
1,2 The nature of these stroma cell interactions is as yet neither functionally nor molecularly defined, despite the recent progress in understanding the role of adhesion molCells and culture conditions ecules in such systems. [3] [4] [5] Mice mutated at the white spotted (W) or the Steel (Sl) locus have been invaluable for the Cell lines: MS-5 stromal and ELM-D cell lines were mainadvancement of our knowledge of cell-to-cell interaction.
tained in ␣-MEM medium supplemented with 20% horse These mice are defective for either the c-kit receptor 6 or its serum of selected batches. ELM-D cells were maintained on ligand, SCF, 7 and are severely anemic. This indicates that SCF irradiated MS-5 cell layers (16 000 rad) by passaging every 2-acts selectively on primitive and erythroid progenitors. SCF 3 weeks and then cloned by serial transfers. One clone, ELMinduces in synergy with erythropoietin (Epo) extensive pro-D No. 6, was routinely used in further experiments. liferation of erythroid progenitor cells. 8 Extensive studies have been carried out in order to understand the mechanisms of growth and differentiation of Evaluation of cloning efficiency: Cells were plated into erythroid cells utilizing erythroleukemia cell lines established 96-well plates by limiting dilution and cloning efficiencies with the Friend virus. 9 One major problem is that these cells were evaluated after 2-3 weeks according to the Poisson have lost their normal requirements for soluble growth factors distribution. or stromal interactions and their ability to differentiate in response to physiological growth factors such as Epo in vivo. Thus, an in vitro culture system retaining these features of norDetermination of the frequency of stroma cell independent mal erythropoiesis has been keenly sought for a long time.
growth: Cells were cloned in semi-solid medium (10 3 -10 5 agar (0.3%) was performed as described by Sibley and evaluated by limiting dilution. In contrast to the high cloning efficiency of ELM-D cells in coculture with irradiated stroma Tomkins.
14 Cloning efficiencies were evaluated after 2 weeks by counting colonies.
(30-50%), a significantly reduced cloning efficiency (2-3%) was observed when ELM-D cells were cultured in growth media without stroma or growth factors (Table 1) . Cloning Assay for long-term growth:
Cells were cloned by limiting efficiencies in the presence of MS-5 CM or growth factors such dilution and cloned cells were transferred at a 1/10 dilution as GM-CSF or IL-3 were comparable to those obtained with into new wells every week. The percentage of positive wells stroma (Table 1).  with growing cells was corrected by initial cloning efficiencies To analyze the growth dependency in more detail, the and presented as '% clones surviving'. To analyze the longmutation frequency of ELM-D cells to stroma-independent term growth in more detail, changes of the cloning efficiencies growth was determined. In both semi-solid cloning and limitwere also examined. After cloning by limiting dilution, cloned ing dilution experiments in liquid culture, the survival rate of cells were recloned every 2-3 weeks and changes in the ELM-D cells was extremely low after 3-4 weeks of culture, cloning efficiencies were recorded. estimated to be Ͻ3 × 10 −5 in liquid and Ͻ3.5 × 10 −6 in semisolid culture.
Growth inhibition assay using ACK-2 mAb:
Cells were plated into Terasaki plates at a concentration of 50 cells/well with 1:3 serial dilution of ACK-2 mAb 15 (maximum concen- Since the initial cloning efficiency in the presence of MS-5 CM was comparable to that on stroma (Table 1) , we examined Morphological examination and detection of differentiated whether the coculture with stroma is required for the longcells:
Cells were concentrated on slides and stained by term growth of ELM-D or, alternatively, if CM is sufficient. All May-Grü nwald Giemsa and benzidine. Differentiated cells of 115 clones transferred in the presence of CM lost their selfwere determined by morphological examination.
renewal capacity and showed clonal extinction within 6 weeks, whereas all the clones transferred on irradiated MS-5
Reverse transcriptase (RT)-PCR analysis survived during the same time period (Figure 1 ). This demonstrates that although ELM-D cells can clone initially at high Detection of mRNA for SCF:
Expression of mRNA for SCF efficiency in CM, CM is not sufficient to support long-term was examined by RT-PCR as described previously. 16 Specific growth of ELM-D cells, suggesting the importance of direct DNA fragments were amplified by PCR for 25 cycles, separcontact with stroma. ated, transferred, hybridized and exposed to X-ray films. Primer sets used in this study were SCF1: position 126-145 and 1041-1060 and SCF 2: position 845-863 and 1041-1060. med according to the method described by Gorczyca et al. 19 
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Cells were fixed in 1% paraformaldehyde, dehydrated, rehy- after gating out contaminated MS-5. MS5 stroma 20 or in growth factors, cloning efficiencies were Direct stroma-cell contact is important for the growth of ELM-D Semi-solid culture of ELM-D cells using two layers of agar was performed in order to determine whether direct cell-to-cell contact is necessary for its proliferation or not. As shown in Figure 2 , a cloning efficiency of 28% was obtained when ELM-D cells were plated directly on MS-5 cell layers to permit direct contact with stroma. In contrast, their cloning efficiency was drastically decreased to about 3% when ELM-D cells were separated from stroma by semi-solid agar, demonstrating the importance of direct contact with stroma for the growth of ELM-D cells, even for short-term growth.
Growth of ELM-D cells can be inhibited by blocking the c-kit receptor
Since SCF has been reported to be one of the crucial factors in cell-to-cell interaction, 21 ,22 a series of experiments were performed to determine if the SCF and c-kit interaction plays some role in coculture of ELM-D with MS-5 cells.
The first experiment was set up to determine whether the blocked by the addition of an anti-c-kit neutralizing monoclonal antibody (mAb), ACK-2. 15 Data presented in Figure Taken together, when GM-CSF or IL-3 are added to ELM-D cell cultures transient growth of the cells is stimulated for several weeks but cell death is induced by growth factors in be replaced by soluble growth factors such as recombinant GM-CSF (rGM-CSF) or IL-3, since cloning efficiencies in the a dominant manner in the presence of stromal cells. presence of these factors without stroma were very high (Table 1) . ELM-D cells were cloned in the presence of these factors without stroma, and 116 clones (rGM-CSF: 53 clones; GM-CSF induces the programming of 'commitment' to cell death IL-3: 63 clones) were transferred weekly in the presence of these factors. As is shown in Figure 5a , rGM-CSF or IL-3 was able to delay the onset of clonal extinction up to 4 weeks, but
To determine when commitment to cell death occurs, a more detailed analysis of the pattern of clonal extinction was perforcould not replace stromal contact for long-term self-renewal of the clones. Cell numbers were also measured at each transmed using rGM-CSF. Initially, three subclones were isolated from ELM-D cells in the presence of rGM-CSF, ie subclone fer and the average increase in cell numbers for six clones is shown in Figure 5b . These data suggest that in the presence Nos 3, 2 and 6 ( Figure 7a ). These subclones were serially recloned every 2-3 weeks until cell death occurred in the of GM-CSF or IL-3 ELM-D cells can grow logarithmically for up to 2-3 weeks, even without stroma, but stopped proliferatpresence of rGM-CSF. Figure 7a shows (1) that all the clones derived from the same initial subclone underwent cell death at ing after 3-4 weeks, at which time they undergo a severe decline in cell numbers. In contrast, cells passaged on MS-5 the same stage, ie all six clones derived from subclone No. 3 underwent cell death during the fifth subcloning, two clones stroma continued to grow logarithmically for more than 8 weeks. Thus, GM-CSF or IL-3 induce the growth of ELM-D from subclone No. 2 during the second subcloning, and all seven clones from subclone No. 6 during the fourth subcloncells only transiently and cannot support permanent growth.
ing. The data also demonstrate (2) that clonal extinction occurred at different times depending on the origin of the clone, ie progeny of subclone No. 3 survived until the fifth GM-CSF or IL-3 act in a dominant manner to induce cell death of ELM-D cells
To examine whether clonal extinction of subcloning and that of subclone No. 6 until the fourth subcloning, while the progeny of subclone No. 2 survived only ELM-D cells also occurred in coculture when growth factors are present, long-term growth of ELM-D cells was examined until the third subcloning. These data imply (1) that clonal extinction is not simply due to a stochastic loss of growth in the presence of both MS-5 stroma and rGM-CSF or IL-3. Interestingly, all 47 clones with GM-CSF and 19 clones with capacity in culture but due to an endogenous programming of single cells and (2) that 'commitment' to cell death is pro-IL-3 underwent cell death after 3-6 weeks even when transferred on MS-5 stroma ( Figure 6 ). grammed at the single cell level for each progeny of these ferred back on to MS-5 in the second subcloning procedure, contact with stroma can prevent the clonal extinction of these clones, whereas the clones transferred back on to MS-5 during the third or fourth subcloning procedure either undergo cell death or survive after a severe reduction of cloning efficiency.
Cell death induced by GM-CSF is correlated with double-stranded DNA breaks ie apoptosis. Table 2 shows detailed data from the Tdt fluorescence assay performed at different time-points using different clones isolated on irradiated stroma. This Table demonstrates that an subclones just after the initial subcloning. Such 'committed' progeny of the subclones can survive up to 10 weeks before increase in the percentage of Tdt fluorescence-positive cells correlated with clonal extinction of subclones. clonal extinction. This is consistent with the data shown in Figure 5 which demonstrated that all of 116 subclones transferred in growth factors without stroma underwent cell death after about 8 weeks.
Clonal extinction of ELM-D cells is not correlated with differentiation
To analyze if induction of apoptosis was coupled to differenThe programming of 'commitment' to cell death can only be partly prevented by contact with stroma tiation, we determined the morphology of the cells and the amount of ␣-globin transcripts. ELM-D cells grown in GM-CSF either with or without stroma cells showed an immature We then examined whether the programming of 'commitment' to cell death induced by rGM-CSF could be prevented erythroblast morphology similar to ELM-D control clones cocultured on stroma cells (Figure 9a, c and 9d ). In contrast, by renewed contact with stroma. In these studies, clones derived from the first three subclones were transferred back erythropoietin (Epo) induced erythroid differentiation of ELM-D cells, as shown by the appearance of benzidine-positive on to MS-5 cells without rGM-CSF and successive recloning was done with stroma in the absence of rGM-CSF (dashed cells (Figure 9b ).
To confirm that apoptosis induced by GM-CSF is not lines, Figure 7b ). The data indicate that if clones are trans- 7 Not unexpectedly, stroma isolated from these mice are incapable of supporting long-term growth of ELM-D cells. 24 However, we coupled with differentiation, semi-quantitative RT-PCR was performed at different time-points in different conditions cannot currently exclude that the other cell-cell interactions may also be involved in preventing clonal extinction. together with the detection of Tdt fluorescence assay. In contrast to the increase of Tdt fluorescence-positive population,
Other growth factors such as GM-CSF or IL-3, are also inefficient in replacing the stroma interaction requirement for no significant change in ␣-globin synthesis was seen in ELM-D clones cultured in the presence of GM-CSF as compared to long-term growth of ELM-D cells. Proliferation induced by these factors was supported for a considerable, but only finite ELM-D grown on stroma cells (Table 3) . Therefore, it is clear by morphological study and semi-quantitative assay of ␣-gloperiod. This was confirmed by long-term clonal transfer experiments ( Figure 5 ) and by serial passage of single ELM-D bin that differentiation is not induced by GM-CSF in ELM-D cells under conditions that lead to apoptosis.
clones in the presence of GM-CSF that led to clonal extinction interesting that such a flexible mechanism observed here has also been reported in the neural system.
39
Importantly, we also demonstrated by serial cloning experiments that cell death induced by soluble growth factors is An alternative hypothesis for apoptosis induction in ELM-D cells is that it may be related to changes in the cell cycle dominant over the cell-cell interaction, since addition of GM-CSF or IL-3 induces apoptosis in the presence of MS-5 stroma during induction of differentiation. It has been shown that different aspects of the process of erythroid differentiation can ( Figure 6 ). Any direct interaction between GM-CSF and stroma, that could be responsible for this, can be excluded be uncoupled, one part leading to functional differentiation, the other to changes in cell cycle and cell death. 40 Uncoupbecause MS-5 cells do not express the GM-CSF receptor (unpublished data). Detailed analysis of serial cloning experiling of differentiation may thus have occurred in ELM-D. GM-CSF or IL-3 may then activate only that part of the differenments show that the final process of clonal extinction by soluble growth factors is not a stochastic event but reflects an tiation pathway that is responsible for cessation of cycling and apoptosis, but is deficient in leukemic cells and does not endogenous programming or 'precommitment' to clonal deletion. This process is not an 'all or nothing decision' but induce functional differentiation. However, reduced cell size, typical for normal erythropoiesis, is not found in ELM-D cells requires at least one cell duplication to be fixed. In this phase induction of apoptosis can be reversed by renewed stroma cell induced to apoptosis. contact ( Figure 7 ). Thereafter apoptosis is irreversibly induced. The presence of DNA breaks demonstrates that cell death is due to apoptosis (Figure 8 ) rather than differentiation as Acknowledgements judged also by morphological examination ( Figure 9 ) and lack of upregulation of ␣-globin message (Table 3 ). The This work was supported by grants of Deutsche Forschungsgemechanism(s) by which the induction of apoptosis in ELM-D meinschaft to WO (Os 31/14). The Heinrich-Pette Institute is is prevented by re-contact to stromal cell is unclear. Several financially supported by Freie und Hansestadt Hamburg and reports demonstrate the importance of stroma in suppressing Bundesministerium fuer Gesundheit, PRH and RB by grants apoptosis.
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